Epidemiological and animal studies strongly indicate that the environment experienced in utero determines, in part, an individual's likelihood of developing cardiovascular disease in later life. This risk has been further linked to impaired kidney function, as a result of compromised development during fetal life. The present study therefore examined the influence of maternal nutrient restriction (NR), targeted at specific periods of kidney development during early to mid gestation, on the mRNA abundance of receptors for glucocorticoid (GCR), growth hormone (GHR) and insulin-like growth factors-I (IGF-IR) and -II (IGF-IIR), and the IGF-I and -II ligands. This was undertaken in both singleton and twin fetuses. At conception ewes were randomly allocated to either an adequately fed control group or one of four nutrient-restricted groups that were fed half the control amount from 0 to 30, 31 to 65, 66 to110 or 0 to110 days gestation. At 110 days gestation all ewes were humanely euthanased and fetal kidneys and surrounding adipose tissue sampled. There was no effect of NR or fetal number on kidney weight, shape or nephron number, but the surrounding fat mass was increased in singleton fetuses exposed to NR for 110 days. An increase in kidney mRNA abundance with NR only occurred in singleton fetuses where IGF-IR mRNA was enhanced with NR from 66 -110 days gestation. In twin fetuses, NR had no effect on mRNA abundance. However, for all genes examined mRNA expression was lower in the kidneys of twin compared with singleton fetuses following NR, and the magnitude of the effect was dependent on the timing of NR. In conclusion, the abundance of mRNA for receptors which regulate fetal kidney development are lower in twin animals compared with singletons following periods of nutrient deficiency. This may impact on later kidney development and function. 
Introduction
Numerous studies have shown that the risk of developing several chronic diseases in adulthood, such as hypertension, can be affected by conditions experienced in utero. There is substantial epidemiological evidence that the nutritional and hormonal environment experienced by the fetus can determine the degree of adult risk (Barker 1998) . It has also been well established that hypertension is linked to impaired kidney function for which reduced nephron number is one factor predisposing to increased risk of adult hypertension (Brenner et al. 1988) . Maternal nutrient restriction (NR) can result in reduced growth factor abundance (Bauer et al. 1995) which would be predicted to compromise fetal organ development depending on the timing and duration of undernutrition.
The period of early to mid gestation coincides with the period of maximal placental growth in sheep and also represents a critical time in the formation of the fetal kidneys. In sheep, as in humans but unlike rodents, kidney development is completed and the adult nephron complement is reached before birth. The ovine pronephros develops and degenerates by day 30 of gestation (Wintour et al. 1996) , near to the time of implantation. The ovine mesonephros first becomes functional at around day 16 -18 of gestation and the full complement of nephrons is developed by around day 27 -30. The organ then regresses by around day 57 of gestation (Wintour et al. 1996) . At around 30 days gestation the ovine metanephros is made up of a mass of metanephric mesenchyme into which the ureteric bud has grown and branched once. Subsequent branchings of the ureteric duct induce the formation of new nephrons until around day 130 when the full nephron complement is complete (Moritz et al. 2003) . The present study therefore targeted periods of NR up to 110 days gestation, a time when nephrogenesis would be proceeding at its maximal rate.
When maternal NR is targeted from 28 -77 days gestation (ovine term is 147 days) there is an increase in glucocorticoid receptor (GCR) mRNA abundance in the kidneys and perirenal adipose tissue of newborn lambs (Whorwood et al. 2001) . These kidneys are also larger than those from the control group and show changes in organ shape as well as having an increased surrounding fat mass (Bispham et al. 2003) . This same period of NR has also been shown to affect the expression of insulin-like growth factor (IGF) -I and -II in both the liver and skeletal muscle without having any effect on organ weight (Brameld et al. 2000) . IGFs have an important role in the normal development of the fetal kidney (Rogers et al. 1999 ) and the kidneys of growth retarded fetuses are much more sensitive to the effects of growth hormone (GH) administration (Bauer et al. 2003) thus it is likely that maternal NR could compromise kidney development through local disruption of growth factor abundance. An increase in fat mass surrounding the kidney is also likely to have important later consequences as this can influence the local endocrine environment of the kidney and cause a direct physical constraint upon the kidney (Hall 2003) . It has also been recently shown that as young adults, fetuses exposed to maternal NR for the first 95 days gestation have higher blood pressure than those fed to requirement (Gopalakrishnan et al. 2004a) in conjunction with reduced nephron number (Gopalakrishnan et al. 2004b) .
In the present study we also investigated the potential effect of fetal number. Singleton and twin bearing mothers were therefore studied separately as the intrauterine environment experienced by twin fetuses is considerably different to that of singletons. For example, as the number of potential placentomes per mother is fixed, doubling the number of offspring normally means that each fetus has half the number of placentomes available compared with a singleton. This initially leads to an increase in individual placentome size in an attempt to compensate for reduced placentome number. Despite this adaptation twin fetuses are subject to an increased level of competition for available nutrients since they must compete both with the mother and their sibling. This may explain why previous studies have found that maternal NR can cause effects in twin fetuses that are not seen in singletons such as a precocious rise in fetal plasma adrenocorticotropic hormone (ACTH) concentration (Edwards & McMillen 2002) . Preliminary evidence indicates that kidneys from growth restricted twin fetuses have fewer nephrons than those of singleton animals (Mitchell et al. 2003) which could potentially put twins at greater risk of developing hypertension in adulthood.
The aim of the present study was to determine the effects of maternal NR, targeted at specific stages of fetal kidney development, on expression of GCR, GHR and the IGF receptors along with the IGF ligands together with nephron number and amount of adipose tissue surrounding the kidney. In addition we examined whether any effects were exacerbated in twin compared with singleton fetuses.
Materials and Methods

Animals
Fifty nine mature Scottish Blackface ewes were randomly allocated within body condition score class (range 2 -3, on a scale of 0 -5; Russel et al. 1969) to one of five nutritional treatment groups. Ewes were individually housed under natural lighting conditions for several weeks before the day of mating. At 80 days of gestation ewes were scanned, using ultrasonography, to determine fetal number. All ewes were weighed and body condition scored every 21 days throughout the experiment and these results have been reported elsewhere (Rae et al. 2001) . All operative procedures and experimental protocols had the required Home Office approval as designated by the Animals (Scientific Procedures) Act (1986).
Maternal diet
Ewes were initially fed diets estimated to provide the metabolisable energy (ME) requirement for liveweight maintenance (approximately 8.0 MJ ME per day) or 50% of that amount. Rations were increased after day 80 of gestation by amounts designed to meet the requirements for fetal growth (or 50% of that amount) according to fetal burden, stage of pregnancy and treatment group (Robinson et al. 1983) . The diet was comprised of concentrated pellet feed (Green Keil, Harbro Ltd, Turriff, UK) and hay, with access to water ad libitum. Animals (n ¼ 9-16 per nutritional group) were fed as follows: group one were the control animals and received 100% of requirements throughout the experiment; groups 2 -5 were restricted to 50% of this amount from 0 to 30, 31 to 65, 66 to 110 and 0 to110 days gestation respectively and fed 100% at all other times. At 110 days gestation, ewes were killed by barbiturate overdose (Euthatal, 500 mg ml 21 , 30 ml i.v.; Rhone Merieux, Harlow, UK). Fetal body, kidney and perirenal adipose tissue weights were taken and then kidney dimensions measured. At the same time, samples of fetal brain and gonads were sampled for later analysis that have been published elsewhere (Rae et al. 2001 , Mü hlhäusler et al. 2004 , although the brains were not weighed. In the case of twins, one fetus per ewe was randomly selected and used for analysis. Organs were snap frozen in liquid nitrogen and stored at 2 80 8C for later analysis. In addition, all individual placentomes were dissected and weighed in order to calculate total placental mass for each fetus.
Messenger RNA analysis
RNA was isolated from kidney tissue using Tri-Reagent (Sigma, Poole, UK) as previously described by Bispham et al. (2002) . Messenger RNA abundance was then determined using RT-PCR using the following protocol: 94 8C (2 min) 1 cycle, 94 8C (30 s), annealing temperature (as detailed in Table 1 ) (30 s), 72 8C (1 min) for a fixed number cycles depending on the primers under test (see Table 1 ) and 72 8C (7 min) 1 cycle. The PCR mixture (final volume, 20 ml) contained 10 £ PCR buffer (100 mM Tris-HCl, 15 mM MgCl 2 , 500 mM KCl, pH 8.3), 500 mM dNTPs, 1 mM of each primer and 3.75 U Taq polymerase. Agarose gel electrophoresis (2.0%) and ethidium bromide staining confirmed the presence of each gene under test plus 18S products and that they were of the predicted size. Cycle number and annealing temperature were fully optimised for each primer pair and tissue prior to these studies as described in Table 1 . All reactions were optimised to ensure that they were stopped before reaching the plateau stage and 18S primer concentrations (added at a dilution of 1:5 to 1:10 depending on the expression level of the gene under test) were checked to ensure they were not limiting. All gels were run in triplicate with a standard included on each run. Densitometric analysis was then performed on each gel using advanced image detection analysis (Aida version 2.31; Raytek, Sheffield, UK) following image detection using a Fujifilm LAS-1000 cooled CCD camera (Fuji Photo Film Co. Ltd, Tokyo, Japan) and results, in arbitrary units, are expressed as a ratio of an 18S rRNA internal control and internal standard. The identity of all PCR products was confirmed through sequencing.
Nephron counts
Determination of the total renal nephron complement was undertaken using an adaptation of a mild acid-hydrolysis method (Welham et al. 2002) as recently described for use in sheep (Gopalakrishnan et al. 2004b) . In brief, two 1 g slices of renal tissue comprising approximately half of a fetal kidney, harvested from formal-fixed kidneys and from different kidney regions, were incubated in 1 M hydrochloric acid for 30 min at 37 8C. Acid was removed and replaced with 50 mM phosphate buffered saline (PBS; pH 7.4). The tissue was homogenised using a bench top homogeniser (Yellowline disperser; IKA Works Inc, Wilmington, NC, USA) and a 20 ml sample was subsequently taken and placed on a slide and overlaid with a cover slip. Using a £ 10 objective lens, the number of glomeruli in the aliquot was counted in triplicate for the 2 slices from each sample. The six results were averaged and used to determine the total number of glomeruli in the sample and therefore the whole kidney. The intra-and inter-assay variations were 11% and 16%, respectively.
Statistical analysis
Effect of dietary intake was analysed using a one way analysis of variance followed by a Tukey's post-hoc test (SPSS v 9.0, SPSS Inc. Woking, UK) for single and twin offspring separately. Differences between singles and twins in each group were assessed using a Mann-Whitney U test.
Results
Placental, fetal, kidney and perirenal adipose tissue weights
There were no significant differences in fetal or kidney weight or in nephron number with nutritional group or fetal number (Table 2, Fig. 1 ). Similarly kidney dimensions (i.e. length, width and breadth) were unaffected by either maternal nutrition or fetal number (data not shown). The mass of adipose tissue surrounding the kidney was greatest in those singleton fetuses exposed to NR throughout the study with this group having more fat than the corresponding group of twins (Fig. 2a) . As a result the ratio of perirenal fat to kidney weight was significantly greater in these singleton fetuses (Fig. 2b) . Twins had a smaller mean placental weight per fetus than singleton animals in all nutritional groups (Table 2) . However, this difference only reached significance in those animals that were nutrientrestricted during the period immediately before sampling. Messenger RNA abundance
An effect of maternal NR on mRNA abundance in the fetal kidney was seen in singleton animals, where an increase in IGF-IR, but not IGF-I (Fig. 3) , was shown by fetuses NR from 66 to 110 days gestation. There was no significant effect of NR on IGF-II, IGF-IIR (Fig. 4) or GCR (Fig. 5) . It appeared that mRNA expression of GHR was increased relative to controls following NR from 0 to 30 days (Fig. 6 ). The P value for this difference did not reach statistical significance (P ¼ 0.06). No effect of NR was observed in twin animals. The mean mRNA abundance for all genes examined was lower in the kidneys of twin compared with singleton fetuses but the difference was only statistically significant in groups that had been nutrient restricted (Figs 3 -6 ). The magnitude of difference was dependent on the timing of the period of NR. A significant difference between singleton and twin animals for the period of 0-30 days gestation was only seen for IGF-II mRNA abundance. The lack of a statistically significant effect with respect to the other genes may be a reflection of the small number of twins in this group. In the group of animals nutrient restricted from 31 to 65 days twins showed significantly reduced expression of GHR, IGF-I, IGF-IR and IGF-II but not IGF-IIR or GCR. However, there was no significant difference in GHR expression in those animals nutrient restricted either from 66 to 110 or from 0 to 110 days. Apart from IGF-I and -IIR in the 66 -110 day group, mRNA expression of all the other genes examined showed significant differences between singleton and twin animals in these nutritional groups.
Discussion
The major finding of the present study is that, dependent on the timing of NR during early to mid gestation, expression of mRNA for IGF-I and -II, their receptors, plus GHR and GCR are significantly down regulated in twin fetuses. The timing of the nutritional challenge was an important determinant of which genes were down regulated, with a period of NR from conception up to 110 days gestation causing reduced abundance of all genes examined in twin fetuses. Critically, these effects were apparent in the absence of any effects on fetal or kidney weights or nephron number, but prolonged NR up to 110 days gestation did result in a greater fat mass surrounding the kidney in singleton compared with twin fetuses. There was also a significant difference in placental weight between singleton and twin fetuses in those animals nutrient restricted immediately before the period of sampling. This may have caused a further reduction in nutrient availability to the fetus, which might be linked to the greater effect of fetal number observed in these groups.
NR of singleton-bearing ewes targeted between 66 and 110 days gestation resulted in raised abundance of mRNA of IGF-IR in the fetal kidney, an effect not seen in twins. Both IGF-I and IGF-II act through this receptor to promote growth, however, no changes were seen in mRNA abundance for either ligand. The increased receptor abundance could therefore lead to increased sensitivity to these hormones and potentially increase kidney growth rate. No change in kidney mass, size or nephron numbers was observed in the present study but previous work by Whorwood et al. (2001) found that NR between 28 and 77 days gestation resulted in larger kidneys that were surrounded by more fat (Bispham et al. 2003) and that 36 months of adult life nephron number was reduced (Gopalakrishnan et al. 2004b) . These results are clearly in contrast with the findings of the present study, which indicates that the actual reduction in nephrogenesis seen in nutrient restricted fetuses occurs during the period of refeeding in later gestation. Similarly, alterations in the GH-IGF axis caused by earlier NR may affect an organ's growth rate later in gestation. Alternatively, it has been previously reported (Brameld et al. 2000) that maternal NR in early to mid gestation can reprogram the endocrine sensitivity of other organs without necessarily affecting fetal or organ weights. It is interesting to note that there was no up regulation of IGF-IR mRNA expression in singleton fetuses nutrient restricted from 0 to110 days gestation. It may therefore be, as has been shown with respect to the nutritional programming of fetal adipose tissue and liver development (Brameld et al. 2000 , Bispham et al. 2003 , that it is the switch from a nutrient restricted to an adequate diet that determines the magnitude of tissue endocrine sensitivity and any subsequent effects on organ mass (Whorwood et al. 2001 , Bispham et al. 2003 . The lack of any effect of NR on the expression of IGF-IR in twins supports the hypothesis that twins respond very differently to undernutrition in a number of aspects. This includes the effect of periconceptional NR (i.e. from 60 days before mating to 8 days post mating), which has no detrimental effect on fetal growth in singletons but results in growth retardation in twins (Edwards & McMillen 2002) . These twin fetuses subsequently exhibit a greater increase in basal ACTH and cortisol in response to corticotrophic releasing factor infusion during late gestation. It remains to be established whether such effects are mediated as a consequence of adaptations within the fetus or mother, or both. The absence of any nutritional effect on IGF-IR mRNA in twins in the present study may be interpreted as reflecting a different maternal response to undernutrition dependent on fetal number. This may also contribute to the very different placental growth trajectories between singleton and twin pregnancies . Although each twin has half the number of placentomes compared with singletons, these placentomes are twice as heavy (Mostyn et al. 1999) . This adaptation is, however, not maintained up to term, resulting in total placental weights in twins that are nearly 50% lower than for a singleton of similar birth weight (Heasman et al. 1998) .
A role for the GHR in fetal kidney development has not been established but it has been shown to be expressed at relatively high levels compared with other tissues such as liver and skeletal muscle (Ymer & Herington 1992) , suggesting that GH could be important in normal organogenesis. Previous work has found that infusing exogenous GH into normally growing sheep fetuses during late gestation has no effect on renal development (Bauer et al. 2000) . However, GH infusion into fetuses whose growth has been restricted by placental embolisation caused a significant decrease in kidney weight (Bauer et al. 2003) . This suggests that the role GH plays in renal development may depend on the prevailing nutritional environment of the fetus. The fetuses in the present study did not show any signs of growth retardation at the time of sampling, although twin animals were consistently smaller. It is possible that the lower expression of GHR seen in twin animals' nutrient restricted from 31 to 65 days may affect the pattern of kidney development in those animals during later gestation.
Twin fetuses nutrient restricted for specific periods during pregnancy showed significantly lower expression of mRNA for IGF-I and -II than their singleton counterparts. Studies of knockout mice and experiments using metanephron culture systems (Wada et al. 1993 , Rogers et al. 1999 have shown that these genes play an important role in kidney development, indeed mice lacking the IGF-I gene have proportionately smaller kidneys with fewer nephrons and reduced glomerular size. It is possible, therefore, that following NR kidney development in twins may not be as effective as in nutrient restricted singletons. The accompanying reduction in IGF-IRs expression in some of those twin groups would be likely Examples of mRNA expression are given for each nutritional group. Bar graphs illustrate means with their standard errors. Significant differences between control and nutrient restricted (days 66-110) groups are indicated by * P , 0.01 and significant differences between singleton and twin animals exposed to the same nutritional regime are indicated by different superscripts: a vs b, P , 0.05; c vs d, P , 0.01.
to exacerbate any effects. The twin fetuses of the group nutrient restricted from 0 to 110 days showed reduced expression of the IGF-IIR. This receptor is known to act as a scavenger removing IGF-II from the system (Hammerman 1989) so it is possible that this reduction may in some way compensate for the reduced expression of IGF-II in these animals. The extent to which the described changes in mRNA may be translated into parallel effects in protein abundance remains to be elucidated, but where measurements of both have been made in the ovine fetus these are highly correlated (Young et al. 2001) .
Previous studies have found that NR in early to mid gestation followed by adequate feeding up to term led to an increase in the expression of GCR mRNA in the kidney of neonates (Whorwood et al. 2001) . This adaptation was accompanied by a reduction in placental weight and concomitant decline in 11 b hydroxysteroid dehydrogenase type 2 activity. The lack of any effect on GCR abundance in the present study may be due to a difference in the timing of sampling. Alternatively, since placental weight was only reduced by NR in twins when the restriction was maintained after 66 days gestation, the relationship between 11 b hydroxysteroid dehydrogenase type 2 activity and placental development may be of greater importance with respect to subsequent GCR mRNA expression than nutrient availability per se.
In conclusion, maternal NR over the first 110 days of gestation has a time-dependent stimulatory effect on the expression of IGF-IR within the kidney. This effect is not found in twin fetuses which may relate to the very 
Figure 6
Effect of maternal undernutrition and fetal number on expression of growth hormone receptor (GHR) mRNA abundance at 110 days gestation as measured using RT-PCR expression analysis. Examples of GHR mRNA expression are given for each nutritional group. Bar graphs illustrate means with their standard errors. Significant differences between singleton and twin animals exposed to the same nutritional regime indicated by different superscripts: a vs b, P , 0.01.
